Patients with left hemisphere damage and concomitant aphasia usually have difficulty repeating others' speech. Although impaired speech repetition, the primary symptom of conduction aphasia, has been associated with involvement of the left arcuate fasciculus, its specific lesion correlate remains elusive. This research examined speech repetition among 45 stroke patients who underwent aphasia testing and MRI examination. Based on lesion-behavior mapping, the primary structural damage most closely associated with impaired speech repetition was found in the posterior portion of the left arcuate fasciculus. However, perfusion-weighted MRI revealed that tissue dysfunction, in the form of either frank damage or hypoperfusion, to the left inferior parietal lobe, rather than the underlying white matter, was associated with impaired speech repetition. This latter result suggests that integrity of the left inferior parietal lobe is important for speech repetition and, as importantly, highlights the importance of examining cerebral perfusion for the purpose of lesion-behavior mapping in acute stroke.
Introduction
The inability to repeat others' speech is common among stroke patients with aphasia-a language disorder usually caused by left hemisphere injury. Aphasia has many patterns and levels of severity, and although impaired repetition is not uncommon, it is the primary impairment in conduction aphasia. Wernicke predicted that severing the connection between speech production and comprehension would result in a disorder in which comprehension remained intact and speech output was fluent, but marked by speech errors (Wernicke, 1874; Lichtheim, 1885) . Although Wernicke had never seen such a patient, one was later described by Lichtheim (1885) . Lichtheim also recognized that such patients have difficulty repeating others' speech. Today, the definition of conduction aphasia is largely unchanged: impaired repetition with relatively spared speech fluency and auditory comprehension. It is classically viewed as resulting from brain damage involving the left arcuate fasciculus where, according to the Wernicke-Lichtheim model (Lichtheim, 1885) , the temporal lobe's posterior comprehension areas are disconnected from the anterior speech production regions of the frontal lobe.
Conduction aphasia and its accompanying brain damage have been well described in the literature (e.g., Damasio and Damasio, 1980; Poncet et al., 1987; Demeurisse and Capon, 1991) . Most of these studies suggest that, indeed, damage to the left arcuate fasciculus results in conduction aphasia. However, several recent papers have challenged this claim, suggesting that damage to cortical gray matter in the left inferior parietal lobe is sufficient to elicit conduction aphasia (Anderson et al., 1999; Hickok et al., 2000; Bartha and Benke, 2003; Quigg et al., 2006; Geldmacher et al., 2007) . The purpose of this study was to examine the critical lesion location associated with impaired speech repetition-conduction aphasia's primary symptom. Patients with acute stroke to the left hemisphere were examined at bedside using a short aphasia battery including items testing speech repetition. All patients also underwent MRI scanning to elucidate the lesion location most likely to impair speech repetition.
Our protocol extended previous studies of repetition disorders in four ways. First, previous studies have attempted to identify patients with pure conduction aphasia (i.e., patients with repetition difficulties despite relatively spared speech comprehension and fluency). Logically, this selection criterion should bias the results away from identifying regions near the primary speech centers. Therefore, our aim was to identify regions that predict repetition errors, even when other speech impairments may be present. Second, previous studies have focused on patients with repetition disorders, excluding patients with damage to the brain without repetition problems. The problem here is that a brain region may be identified either because of its relationship to the task or due to its vulnerability to injury. Including patients with and without impaired speech repetition permitted us to identify regions that are commonly injured in impaired patients, but spared in patients without this deficit. Third, examining a large number of patients made it possible to conduct an objective high-resolution voxelwise statistical analysis. Fourth, we included an analysis of acute perfusion imaging in addition to structural measures of brain imaging.
Materials and Methods
Participants. The participants included in this study were 45 consecutive stroke patients admitted to the Landspitali-University Hospital in Reykjavik, Iceland. All participants had incurred a single event ischemic stroke to the left hemisphere and provided informed consent for study inclu-sion. Exclusion criteria were as follows: (1) non-native speaker of Icelandic; (2) clinical history of stroke; (3) history of dementia, alcoholism, or major psychiatric illness; and (4) contraindication for MRI examination. Six patients were excluded based on MRI-related issues (e.g., excessive movement artifacts or corrupted MRI data). Therefore, data from 39 patients were included in the final statistical analyses described below. The mean patient age was 63.5 years (range ϭ 34 -85, SD ϭ 12). For most participants, behavioral and MRI examination were completed within 3 d of hospital admission, but in a few cases participants were examined as late as 20 d following stroke due to factors such as fatigue or other stroke sequelae. Behavioral and MRI examinations were always completed with Ͻ24 h separating them. A lesion overlay map for the patient group is shown in Figure 1 . The greatest lesion overlap was revealed in the left anterior insula (MNI coordinates: Ϫ28, 5, 20) .
Behavioral testing. All participants were administered a neuropsychological workup that included the Bedside Evaluation Screening Test, second edition (BEST-2) (West et al., 1998) . The BEST-2's Repetition subtest served to quantify the severity of repetition impairment. This section includes five items where the level of presentation of each item is titrated based on patients' success with the previous item. Each item includes the following: (1) complete sentence; (2) phrase; (3) single word. Based on the BEST-2 overall aphasia severity scale, 4 patients had severe language impairment, 5 had moderate impairment, and 30 presented with mild or no language impairment. Table 1 includes a summary of the testing results from the BEST-2 for the patient group.
Neuroimaging data. All participants underwent a 1.5 T MRI workup (using a Siemens Avanto system) that included T1-weighted imaging (T1-MRI, reconstructed resolution 0.9 ϫ 0.9 ϫ 0.9 mm), axial diffusionweighted imaging (DWI, 1.2 ϫ 1.2 ϫ 6.5 mm), FLAIR (0.72 ϫ 0.72 ϫ 6.5 mm), and contrast enhanced T 2 * perfusion-weighted MRI (PWI, 1.8 ϫ 1.8 ϫ 6.5 mm). Images were converted from DICOM to NIfTI format using dcm2nii (www.mricro.com), which preserves spatial coordinates, ensuring a good starting estimate for the subsequent coregistration.
Acute stroke brain lesions were demarcated on DWI images by a trained neurologist (L.B.) with extensive experience with lesionsymptom mapping who was blind to the individual's symptoms. The lesion maps were then transformed into stereotaxic space via spatial processing using SPM5 as follows: Initially, DWI images were coregistered to the individual's T1 scan. This transform was applied to the lesion map. Then, the T1-scan was coregistered to the T1 template image provided with SPM5 (offering an accurate starting estimate for the subsequent normalization). Finally, the T1 image was warped to standard stereotaxic space using SPM5's unified segmentation and normalization algorithm, which has proved robust even in the case of large lesions (Crinion et al., 2007) . The resulting transforms were used to reslice both the T1 images and lesion maps to an isotropic 2 mm in standard stereotaxic space, enabling a voxelwise analysis of the lesion maps.
The PWI data were processed using the Java Image software (Xinapse Systems), which analyzes the time series of the MR signal modulation due to the passage of the bolus of injected contrast agent through the brain (Ostergaard et al., 1996) . This produces voxelwise maps of estimates of time to peak concentration of the contrast agent (TTP). Motion correction was performed on the time series of images before calculation of the perfusion parameters, also using Java Image. Perfusion parameter maps were produced in the same space as the acquired T 2 *-weighted PWI allowing the same transform from coregistration performed using the PWI to be applied to the perfusion parameter maps. SPM5 was used to align the PWI images. First, the mean PWI image from each individual was coregistered to the "EPI.nii" template that is distributed with SPM (this image is in MNI space, and is based on T2*-weighted images that have similar contrast to the PWI). This transform was used to reslice the TTP image to standard 2 mm isotropic stereotaxic space.
Postprocessing statistical analyses were performed using the DWI lesion data and the PWI data. The DWI lesion data consisted of binary voxelwise maps (lesion versus nonlesioned) and were submitted to voxelwise lesion-behavior mapping (VLBM) (Bates et al., 2003) . VLBM was performed using NPM (nonparametric mapping) (Rorden et al., 2007) (a software package available from www.mricro.com), via a voxel-byvoxel logistic regression. Impaired auditory comprehension is common among aphasic patients and, like speech repetition, tends to be more impaired in patients with more severe aphasia. It should be noted that speech comprehension deficits could lead to knock-on errors in speech production. Since our work was focused on speech production, we modeled the level of speech comprehension as a cofactor of no interest. Specifically, an independent Z-score was computed for each voxel, computing whether speech repetition performance was correlated with injury to that voxel, using the level of auditory comprehension performance as a regressor. This comprehension factor was measured as patients' ability to pair pictures of common objects with their verbally presented name (subtest nr. 5 on the BEST-2). The resulting statistical map from the VLBM analysis was corrected for multiple comparisons using a 1% false-discovery rate (FDR) threshold .
The PWI data, conversely, comprised whole-brain voxelwise maps with continuous values. Therefore, a whole-brain weighted leastsquares (WLS) regression was used to evaluate the severity of speech repetition impairment (lower scores on the BEST-2 denote more severe impairment). The results were corrected for multiple comparisons using a 1% FDR. The data represent the number of patients who scored in each severity level on the seven subtests included in the BEST-2. A tally of patients' overall severity is included in the bottom row of the table.
Results
The VLBM analysis of the structural lesion data revealed that damage to white matter underlying the left supramarginal gyrus (Z ϭ 2.8) is strongly related to impaired speech repetition. The voxel with the highest Z-score (located at coordinates Ϫ31, Ϫ32, 32) for this analysis is shown in the cross-hairs in Figure 2 (top panel). To emphasize that this lesion location occurred within the arcuate fasciculus the same MNI coordinates are highlighted in Figure 3 where a probabilistic map of the arcuate fasciculus was overlaid on a standard brain template. This probabilistic map was constructed from diffusion tensor imaging MRI (DTI) data in 54 older adults (see Bonilha and Fridriksson, 2009) where the white matter tracts were traced from Brodmann's area (BA) 22 to BA 45. Additional structural damage associated with impaired speech repetition was noted in Broca's area (Ϫ41, 36, 10).
The WLS regression analysis of the PWI data revealed that the best predictor of impaired speech repetition was located in the inferior portion of the left supramarginal gyrus, Z ϭ Ϫ4.21 (Fig. 2, bottom panel) . That is, patients who had high TTP values (i.e., hypoperfusion) in this area tended to score low on the repetition subtest. This analysis also revealed a cluster in the temporal-parietal junction (TPJ) (Ϫ44, Ϫ35, 24) (not pictured).
Discussion
A strong relationship between structural damage to the arcuate fasciculus and impaired speech repetition agrees with the classical view of aphasia. This suggests that a disconnection between the anterior and posterior speech areas disrupts flow of information needed both to convert the auditory speech code into motor speech production and to maintain speech monitoring based on the auditory speech code (Wernicke, 1874; Geschwind, 1965) . This account is plausible given that the arcuate fasciculus is the largest intrahemispheric white matter tract connecting the critical posterior speech comprehension areas with anterior motor speech areas (Catani et al., 2005) . Although the underlying speech impairment may vary in a group that includes patients with different lesion locations and language profiles, the best lesion predictor of impaired speech repetition involves the arcuate fasciculus. Speech production not only relies on the frontal motor planning and execution areas but also on feedback from the posterior auditory speech areas (Hickok and Poeppel, 2007; Tourville et al., 2008) . It is of interest that damage to a "ventral" pathway between the anterior and posterior speech areas via the middle longitudinal fasciculus and extreme capsule (e.g., Parker et al., 2005) was not associated with impaired speech repetition.
As suggested by Rorden and Karnath (2004) , lesion-behavior mapping is a powerful tool to study both normal and disordered brain function. However, Hillis (2007) has argued that relying only on structural data in acute stroke patients gives an incomplete picture when inferring the relationship between lesion location and behavioral impairment. Rather, acute lesionbehavior mapping can benefit from assessment of cerebral perfusion abnormalities since hypoperfusion beyond the actual lesion is commonly observed in the first hours and even days following stroke (Karonen et al., 2000) . Assessment of both diffusion as well as cerebral perfusion anomalies allows for direct quantification of the frank lesion in addition to structurally intact cortical areas not receiving sufficient perfusion to function (the ischemic penumbra). Hillis et al. (2006) have combined both structural and functional data in several lesion-behavior studies. Compared to structural lesion data, PWI data highlight both abnormal brain perfusion as well as the cytotoxic lesion (as severely decreased cerebral blood flow/volume or very slow transit time of a contrast bolus). In the current study, PWI revealed somewhat different results when compared to structural lesion data; the best lesion predictor of impaired speech repetition was located in gray matter of the left inferior supramarginal gyrus as well as the TPJ. It is important to note here that the analysis including only the structural lesions identified a white matter area deep to the left inferior parietal lobe. Thus, it is probable that structural lesions that only involve damage to the underlying white matter also cause hypoperfusion in the overlying cortex (Hillis et al., 2002 (Hillis et al., , 2004 .
According to the directions into velocities model (DIVA model) of speech production, the left inferior parietal lobule includes a crucial component of the speech network (Guenther, 2006) . Here, somatosensory state maps and somatosensory error maps are recruited to provide feedback for motor speech production planned and executed in Broca's area and the motor cortex, respectively. Bohland and Guenther (2006) found that increased syllable sequence complexity resulted in increased cortical activity in the anterior speech areas as well as the parietal lobe, suggesting that damage to the somatosensory component would result in impaired speech repetition and spontaneous production. Others have suggested that the inferior parietal lobe may play a role in processing the temporal order of speech syllables (Moser et al., 2009) . Such an account is also consistent with the results described here, linking structural and functional damage in the inferior parietal lobe to impaired speech repetition. A study by Parker et al. (2005) revealed white matter connections between the classical speech areas and the inferior parietal lobe, further suggesting that this area may play an important role in speech processing.
In addition to the lesion to the supramarginal gyrus, damage to the TPJ was associated with impaired speech repetition. This is not surprising, given the previously discussed notion that different underlying impairments may affect speech repetition among patients with different lesion locations and speech impairments. The Dual Stream model (Hickok and Poeppel, 2007) suggests that the TPJ is important for translating the auditory speech code into articulatory code. Dhanjal et al. (2008) further refined this hypothesis and suggested that this area is important for polysensory integration during speech processing. It is straightforward to see how breakdown in this mechanism would lead to severe impairment of speech repetition, where a heard word must be integrated with motor representation for speech production. The point here is not to attribute a specific process to the areas identified in the PWI analysis; rather, the current data emphasize that among all the different cortical regions affected in this patient sample, damage to the supramarginal gyrus and the TPJ is most likely to impair speech repetition.
It is important to point out that the present study did not examine a direct relationship between localized brain damage and conduction aphasia, an aphasic disorder marked by a distinct impairment in speech repetition with relatively spared language comprehension and speech production. Patients with a wide range of aphasia types as well as patients who showed no signs of aphasia were included in this study. Thus, the study sample included some patients who had difficulty repeating due to factors such as apraxia of speech, nonfluent aphasia, or auditory comprehension impairment rather than the primary repetition impairment seen in conduction aphasia. On the other hand, as noted earlier, excluding patients with other symptoms of aphasia will necessarily bias any analysis against identifying regions near the primary language zones. Despite this caveat, the VLBM analysis for both structural and perfusion data did reveal brain damage commonly associated with conduction aphasia as being the most likely lesion predictor of impaired speech repetition. In an examination of six patients with conduction aphasia, Damasio and Damasio (1980) found that among other affected cortical regions, the arcuate fasciculus was involved in five cases. However, they reported that other areas such as the insula, the auditory complex, and the supramarginal gyrus were involved in these five cases. Baldo et al. (2008) found that among seven patients with conduction aphasia, the greatest structural lesion overlap was found in the left posterior speech areas including the superior temporal and inferior parietal lobules. Although it is tempting to suggest that the current findings corroborate others' findings regarding gray rather than white matter damage as being the culprit in conduction aphasia, difficulty with speech repetition is clearly not the only problem observed in conduction aphasia. These patients also have distinct patterns of speech production marked by frequent phonemic paraphasias and in the more severe forms of the disorder, neologisms. In addition, as originally suggested by Wernicke (1874) , the patients have a distinctive ability to monitor their speech errors. The present data do not address these other features. Nevertheless, they indicate that impaired speech repetition, as the most salient feature of conduction aphasia, is strongly associated with damage to the left arcuate fasciculus, supramarginal gyrus, and TPJ.
